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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
Components and structures are often exposed a very high number of cycles. The investigations in the field of very high cycle 
fatigue (VHCF) are mainly focused on experiments without mean stresses and with constant amplitude loading. Therefore, within 
the scope of this paper, investigations with constant and variable amplitudes with different mean stresses will be presented. For 
studying variable amplitude loadings in the VHCF regime systematic two-step block loading experiments have been performed, 
in which the maximum load amplitudes of the high block and the number of cycles of the low block with amplitudes below the 
fatigue strength have been varied. Moreover, the standardized load-time-histories Felix/28 and WISPER have been used. The 
influence of d fferent reconstructions as well as the amount of the mplitudes beneath th  fati ue strength of the investigated high 
str ngth steel on the initiation site, the S-N curve and the lifetime prediction has been investigated. Due to the variable amplitu  
loadings rrest marks are produc d within th  fi h-eye surrounding the inclusion. The sizes and the area, where arrest marks are 
observable, as well as the spacings between the arrest marks are influenced by the different load sequences. By counting and 
measuring the arrest marks an average crack growth rate for the crack propagation within the fish eye can be calculated. 
Moreover, the short crack growth curve is used for calculating lifetimes using fracture mechanical approaches.  
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1. Introduction 
In many applications components and structures, like helicopter rotors, ship propellers, wind turbines or wheelset 
axles, but also medical products, are commonly exposed to more than 108 cycles. However, due to such a high 
number of cycles the fatigue strength defined by Wöhler is not always given. Moreover, in the very high cycle 
fatigue (VHCF) regime cracks predominately initiate in the interior of a component with a typical fish-eye 
formation. The initiation in the interior is influenced by e.g. the size, the position, the shape and the hardness of the 
inclusion. These investigations are predominately performed with constant amplitude loadings except for few 
studies, e.g. Mayer et al. (2007, 2009), Fitzka and Mayer (2015), Ogawa et al. (2014) or Meischel et al. (2015). But, 
during assembly, transport and especially operation machines or means of travel are exposed variable amplitude 
loadings with different mean stresses. Therefore, the influence of different stress ratios and standardized load spectra 
in terms of Felix/28 and WISPER on S-N curves in the VHCF regime has been investigated.      
 
2. Experimental setup 
For the experimental investigations the ultrasonic testing system (Fig. 1a) developed by the BOKU Vienna 
(Mayer (2006) or Stanzl-Tschegg (2014)) is used. The testing system was extended with a load frame for the 
investigations of mean stress effects. Both the ultrasonic testing system and the load frame are computer-controlled. 
Therefore, the comprehensive software Ultrasonic Fatigue Testing Software for Variable Amplitude Loading 
(UFaTeSVAL) has been developed (Müller, Sander (2013)). With UFaTeSVAL it is possible to perform automatically 
VHCF experiments with constant and variable amplitude loadings in terms of block loads as well as different mean 
stresses. In order to avoid heating due to internal damping, the specimen is cooled by a fan and a pulsed loading is 
applied. For an optimal pulse-pause-sequence the temperature is measured at the surface of the specimen using an 
IR sensor and the pulse and pause length are adapted during the experiments. Because the heating of the specimen is 
significantly influenced by the stress amplitude, the adaptation of the pulse-pause-sequence is even important for 
variable amplitude loadings in order to reduce testing time. For the realization of experiments with R > -1 the lower 
end of the specimen is mounted with a counter bearing, which must be situated at a vibration node. The crack length 
at the surface is measured with an optical microscope, which is mounted on a 360°-ring.  
 
 
Fig. 1. a) Experimental setup with the used specimen b) for R > -1 and c) R = -1 
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The specimens have been made of the quenched and tempered high-strength steel 34CrNiMo6 with an ultimate 
tensile strength of 1200 MPa and a yield strength of 1000 MPa. The specimen with a minimum diameter of 4 mm 
are shown in Fig. 1b for experimental investigations of R > -1 and in Fig. 1c for R = -1. The surfaces of the 
specimens have been emery-polished after machining.  
 
3. Experimental results 
For the investigation of the mean stress effect on the fatigue strength at 109 cycles as well as on the S-N curve in 
the VHCF regime experiments with the R-ratios of -1, 0.8, 0 and 0.5 have been performed. In order to determine the 
fatigue strength the staircase method has been applied (Sander et al. (2014)). The results have been statistically 
evaluated with the approach proposed by Hück (1983).  The fatigue strengths for probabilities of survival of 10%, 
50% and 90% are summarized in a Haigh diagram (Fig. 2) in comparison to the Goodman relation, the Gerber 
parabola and the mean stress relation proposed by the German FKM-guideline “Analytical Strength Assessment” 
(2013).   
 
 
Fig. 2. Haigh diagram with the experimentally determined fatigue strength in the VHCF regime in comparison to the Goodman relation, the 
Gerber parabola and the approach of the FKM-guideline. 
The mean stress effect is approximately 0.52 in contrast to the mean stress effect of 0.32 using the conventional 
fatigue strengths of the material from literature (FKM (2012)). It can be observed that the difference between the 
fatigue strengths in the VCHF regime and conventionally determined fatigue strengths described by the function of 
the FKM guideline with M = 0.32 increases with increasing R-ratio, while the fatigue strengths at R = -1 are nearly 
the same. This can be explained with the number of cycles to failure beyond 108 cycles. Fig. 3a shows that the 
number of cycles to failure increases with increasing R-ratio. For R > 0, failures occur above 108 cycles, while for 
R < 0 all failures are below 108 cycles. This means that for R > 0 many experimental data would be assessed in the 
conventional determination as run-outs in contrast to the results for R < 0 which would be taken into account at the 
conventionally determined fatigue strength (Sander et al. (2014)). This effect has also been reported by Beck et al. 
(2013) for a martensitic 12% Cr steel used for low pressure steam turbine blades in power generation. From Fig. 2 
also can be observed that neither the Goodman relation nor the Gerber parabola can map the experimental result in 
the VHCF-regime. However, the relation proposed by the FKM guideline describes the mean stress effect for all R-
ratios very well, if the fatigue strengths for R = -1 and R = 0 determined in the VHCF experiments are used.  
With some exceptions the cracks mainly initiate at non-metallic inclusions in the interior of the specimens with a 
typical fish-eye formation both in the HCF and the VHCF regime, which results in continuous S-N curves with a 
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large scatter band (Fig. 3a). Fig. 3b shows the results of the modified S-N curves using the approach by Murakami 
(2002) with 
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for surface defects (SI) in order to account for the different defect sizes in terms of √area. The exponent α has been 
calculated from the fatigue strength experiments with 0.5472. It becomes obvious that the scatter is reduced and the 
S-N curves of all R-ratios fall within one scatter band.  
 
Fig. 3. (a) S-N curve and (b) modified S-N curve for different R-ratios (Müller (2016)). 
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the load levels of the high block (RHL = ͞σai / σD,VHCF) as well as the cycle number n2 of the low block have been 
varied, whereby the load level of the low block was 90% of the fatigue strength determined for a limit of 109 cycles 
(Fig. 4a). The cycle number n1 of the high block is constant 10,000 cycles. The sequence of these two blocks has 
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Fig. 4. Investigated variable amplitude sequences (a) 2-step block loading; (b) Felix (R = -1) and (c) WISPER (R = 0). 
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For ratios n2/n1 ≤ 10 the number of failure cycles are beneath 107 cycles and are nearly independent of the load 
level of the high block (Fig. 5a). With an increasing n2/n1-ratio the number of failure cycles increases, because the 
cycle number of the low block increases as well. For the evaluation of the amplitudes beneath the fatigue strength 
the original and elementary Palmgren-Miner rule as well as the Palmgren-Miner rule modified by Haibach have 
been applied (Müller, Sander (2013)). These calculations have shown that for RHL = 1.2 (͞σa1 = 583 MPa) the 
calculated lifetimes overestimates more or less the failure cycles for the n2/n1-ratios of 1 and 10, but are within the 
scatter band of the experiments. For n2/n1 = 100 the calculated lifetimes using the original Palmgren-Miner rule 
matches the experimental lifetimes very well. But, the elementary and modified Palmgren-Miner rules 
underestimate the failure cycles, which implies that the low amplitudes have only a small amount on the total 
damage in the experiment.  
For RHL = 1.3 (͞σa2 = 637 MPa) and n2/n1 = 1 again all approaches lead to nearly the same calculated lifetimes, 
which are in the scatter band of the experimental data. But, the original Palmgren-Miner rule progressively 
overestimates the lifetime with an increasing ratio of n2/n1 and the calculated values are outside the scatter band, 
while the elementary and modified approaches overestimate the lifetime as well, but match the lifetime better. This 
means that the small block loads beneath the fatigue strength contribute to the fatigue damage, if the block loading 
ratio and the ratio of n2/n1 are high enough. In two-step block loading experiments Mayer et al. (2007) have shown 
that low amplitudes beneath the fatigue strength contribute significantly to the fatigue damage, if the high loads are 
more than 15% above the fatigue strength.  
 
a) b) 
Fig. 5. Results of two-step block loading experiments (a) failure cycles depending on the n2/n1 and RHL (Müller (2016)) and (b) fracture surfaces. 
Fig. 5b shows exemplarily two fracture surfaces after block loading experiments. Due to the block loading arrest 
marks are produced within the fish-eye surrounding the inclusion. This is an indication of interaction effects, which 
affect the lifetime. Moreover, different colorations with varying spacings are visible, which reveal for the different 
block loading sequences.  
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cycles. In contrast, the values of √area are almost independent of Nf for constant amplitude loading. Moreover, due 
to the variable amplitude loading arrest marks are visible around the inclusion in and outside the fish-eye (Fig. 7). 
Depending on the reconstruction of the load spectrum the size and the area, where arrest marks are observable, as 
well as the spacings between the arrest marks are different.   
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For ratios n2/n1 ≤ 10 the number of failure cycles are beneath 107 cycles and are nearly independent of the load 
level of the high block (Fig. 5a). With an increasing n2/n1-ratio the number of failure cycles increases, because the 
cycle number of the low block increases as well. For the evaluation of the amplitudes beneath the fatigue strength 
the original and elementary Palmgren-Miner rule as well as the Palmgren-Miner rule modified by Haibach have 
been applied (Müller, Sander (2013)). These calculations have shown that for RHL = 1.2 (͞σa1 = 583 MPa) the 
calculated lifetimes overestimates more or less the failure cycles for the n2/n1-ratios of 1 and 10, but are within the 
scatter band of the experiments. For n2/n1 = 100 the calculated lifetimes using the original Palmgren-Miner rule 
matches the experimental lifetimes very well. But, the elementary and modified Palmgren-Miner rules 
underestimate the failure cycles, which implies that the low amplitudes have only a small amount on the total 
damage in the experiment.  
For RHL = 1.3 (͞σa2 = 637 MPa) and n2/n1 = 1 again all approaches lead to nearly the same calculated lifetimes, 
which are in the scatter band of the experimental data. But, the original Palmgren-Miner rule progressively 
overestimates the lifetime with an increasing ratio of n2/n1 and the calculated values are outside the scatter band, 
while the elementary and modified approaches overestimate the lifetime as well, but match the lifetime better. This 
means that the small block loads beneath the fatigue strength contribute to the fatigue damage, if the block loading 
ratio and the ratio of n2/n1 are high enough. In two-step block loading experiments Mayer et al. (2007) have shown 
that low amplitudes beneath the fatigue strength contribute significantly to the fatigue damage, if the high loads are 
more than 15% above the fatigue strength.  
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Fig. 8. (a) S-N curve and (b) modified S-N curve for WISPER in comparison to constant amplitude test results with R = 0. 
Moreover, the determined crack growth curve can be approximated by a regression line independent of the load 
sequence. But, the coefficient C and the exponent n of the extended Paris law, which have been calculated from the 
constant amplitude tests for R = -1 (Sander et al. (2014)) using the approach proposed by Shiozawa et al. (2010) 
differs.  
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Fig. 9. (a) Long crack growth curve in comparison to analytically and experimentally determined short crack growth data; (b) Measuring of the 
arrest marks. 
The power law proposed by Shiozawa et al. (2010) with the corresponding values as well as the regression line 
determined from the Felix experiments have been used for the calculation of a S-N curve for R = -1. Therefore, the 
model of an embedded crack in a plate implemented in NASGRO (2009) has been used. 
 
 
Fig. 10. Experimentally and analytically determined S-N curves. 
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A comparison of the residual lifetimes starting from the smallest inclusion size of 30 µm, from which in 
experiments a crack initiates, is shown in Fig. 10. It becomes obvious that the approach of Shiozawa et al. 
overestimates the lifetime, but the slope of the experimental S-N curve matches very well, because the parameters 
have been calculated from the S-N curve. However, the calculations using the regression line of the Felix 
experiments with the same crack model also overestimate the lifetime, but match the experimental results better. The 
overestimation using the regression of the Felix experiments can be explained with interaction effects, which are 
indicated by the arrest marks on the fracture surface, as well as with the crack growth model, which will be 
investigated both in future.    
4. Conclusions 
Machines, components and structures are often exposed a very high number of cycles with variable amplitude 
loadings and different mean stresses. Therefore, experimental investigations for different R-ratios and variable 
amplitude loadings in terms of the standardized load spectra Felix and WISPER for the high-strength steel 
34CrNiMo6 are presented. Due to VHCF testing it could be shown that the mean stress effect is influenced. 
Moreover, due to variable amplitude loading the S-N curves are shifted to higher lifetimes and arrest marks are 
produced on the fracture surface surrounding the non-metallic inclusion in the fish-eye. These arrest marks have 
been used for the calculation of a crack growth curve, with which the lifetimes of the constant amplitude loadings 
could be reproduced.  
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A comparison of the residual lifetimes starting from the smallest inclusion size of 30 µm, from which in 
experiments a crack initiates, is shown in Fig. 10. It becomes obvious that the approach of Shiozawa et al. 
overestimates the lifetime, but the slope of the experimental S-N curve matches very well, because the parameters 
have been calculated from the S-N curve. However, the calculations using the regression line of the Felix 
experiments with the same crack model also overestimate the lifetime, but match the experimental results better. The 
overestimation using the regression of the Felix experiments can be explained with interaction effects, which are 
indicated by the arrest marks on the fracture surface, as well as with the crack growth model, which will be 
investigated both in future.    
4. Conclusions 
Machines, components and structures are often exposed a very high number of cycles with variable amplitude 
loadings and different mean stresses. Therefore, experimental investigations for different R-ratios and variable 
amplitude loadings in terms of the standardized load spectra Felix and WISPER for the high-strength steel 
34CrNiMo6 are presented. Due to VHCF testing it could be shown that the mean stress effect is influenced. 
Moreover, due to variable amplitude loading the S-N curves are shifted to higher lifetimes and arrest marks are 
produced on the fracture surface surrounding the non-metallic inclusion in the fish-eye. These arrest marks have 
been used for the calculation of a crack growth curve, with which the lifetimes of the constant amplitude loadings 
could be reproduced.  
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